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ABSTRACT 

Hydrogen masers a re  an in tegra l  pa r t  of the  Deep Space 
Network. Their use provides extremely accurate navigation 
about the  outer  p lanets ,  as well as prec ise  locat ion of 
t racking s t a t i o n s .  To provide accurate measurements over 
extended periods of time, r e l i a b i l i t y  o f  equipment plays 
an important ro le .  The Deep Space Network has a number of 
hydrogen masers deployed and in the  t e s t  cycle ,  which 
enables an analys is  of r e l i a b i l i t y  of several  generations 
and breeds of cons t ruct ion .  

A hi s t o r y  and anal ys i s o f  hydrogen maser re1 i  abi 1 i t y  a re  
given over a  three-year period on several  types o f  masers. 

INTRODUCTION 

The Deep Space Network (DSN), operated by J e t  Propulsion Laboratory, 
Cal i fornia  I n s t i t u t e  of Technology f o r  NASA, requi res  extremely 
accurate osci 1 1  a to r s  and timing systems. Navigation of spacecraf t  t o  
the  outer  planets  and Very Long Baseline Interferometry (VLBI) requi re  
long term accuracies and re1 i abi 1 i  t y  t o  obtain prec ise  spacecraf t  
loca t ion .  To t h a t  end, the  DSN u t i l i z e s  hydrogen masers as the  
preci s i  on osci 1 1  a t o r .  Thi s  paper repor ts  the  r e s u l t s  o f  several years 
experience with hydrogen maser r e l i a b i l i t y  in a  f i e l d  environment, and 
suggests modification and changes t h a t  could r e s u l t  in even more 
r e l i a b l e  o s c i l l a t o r  operat ion.  

The DSN cons i s t s  of complexes located around the  globe a t  
approximately 120 degree i n t e r v a l s .  The complexes a r e  s p e c i f i c a l l y  
located near Canberra, Austral i a, Madrid, Spain and Goldstone, 
Ca l i fo rn ia  (about 120 miles from Los Angeles in t h e  Mojave Deser t ) .  
The complexes cons i s t  of one 64 meter parabol ic  antenna and one each 
26 meter and 34 meter parabolic  antenna. 

*Th i s  paper presents  r e s u l t s  o f  one phase of research ca r r i ed  out  a t  
t h e  J e t  Propulsion Laboratory, Cal i fornia  I n s t i t u t e  of Technology, 
under Contract No. NAS 7-100, sponsored by the  National Aeronautics 
and Space Admi  ni s t r a t i  on. 
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The 64 meter antenna i s  cons idered t h e  pr ime l o c a t i o n  f o r  each 
complex, and t h e  l o c a t i o n  o f  t h e  hydrogen maser f o r  t h a t  complex. 
There i s  a t  l e a s t  one hydrogen maser a t  each complex and a t  t imes two, 
depending upon m iss ion  c r i t i c a l l i t y  and c o n d i t i o n  o f  t h e  hydrogen 
masers. 

Background 

Th i s  s tudy  compi les da ta  taken f rom severa l  d i f f e r e n t  types o f  
hydrogen masers, t h a t  i s ,  manufacturers  and models. S p e c i f i c  names of 
manufacturers a re  omi t ted,  as t h e y  serve no purpose f o r  t h i s  s tudy.  
As t h e  a n a l y s i s  was t a k i n g  p lace,  i t  became e v i d e n t  t h a t  a l l  hydrogen 
masers shared s i m i l a r  i f  n o t  i d e n t i c a l  c h a r a c t e r i s t i c s ,  t he re fo re ,  
c a t a g o r i z i n g  by  t h e  manufacturer  i s  n o t  necessary. 

The s tudy  cons idered t h e  f o l l o w i n g ,  which w i l l  be d iscussed i n  f u r t h e r  
d e t a i l  below: (1) t h e  p o p u l a t i o n  o f  hydrogen masers i n  t h e  DSN, ( 2 )  
l e n g t h  of s e r v i c e  o f  ins t ruments,  ( 3 )  ca tego r i es  o f  f a i l u r e s ,  ( 4 )  
number o f  f a i l u r e s  i n  each category,  ( 5 )  MTBF o f  each ca tegory  and 
t o t a l  MTBF o f  a l l  i ns t ruments  i n  a l l  ca tegor ies ,  and ( 6 )  conc lus ion  
and recommendations . 
Popu la t i on  o f  Hydrogen Masers 

The p o p u l a t i o n  of hydrogen masers used i n  t h e  s tudy  was a t o t a l  o f  
f ou r t een .  The l o c a t i o n s  o f  t h e  masers v a r i e d  f r om t h e  f i e l d  
environment a t  t h e  complexes t o  l a b o r a t o r y  environment a t  JPL i n  
Pasadena, C a l i f o r n i a .  

The da ta  taken on each of t h e  masers was f rom l o g  books, f i l e s  and 
r e q u i s i t i o n s  f o r  r e p a i r  s e r v i c e  and pa r t s .  Each maser i s  assigned a 
l o g  book when i t  a r r i v e s  a t  JPL, and a f i l e  i s  a l s o  ma in ta ined  as a 
back-up source o f  da ta  and as a ch rono log i ca l  sumnary o f  events  f o r  a  
p a r t i c u l a r  ins t rument .  

Data presented i n  t h i s  s tudy  i s  t h a t  which was taken  w h i l e  t h e  
ins t ruments  were under JPL cognizance, and t h a t  which caused o r  
r e s u l t e d  i n  f a i l u r e  o f  t h e  u n i t s .  

Length o f  Se rv i ce  o f  Ins t ruments  

A t o t a l  o f  533 months o f  ins t rument  da ta  i s  u t i l i z e d  i n  t h i s  study. 
For  the 14 u n i t s ,  an average o f  38 months, o r  more than  t h r e e  years 
per  ins t rument ,  i s  t h e  r e s u l t a n t  da ta  base. The l onges t  ins t rument  
h i s t o r y  i n  t h i s  s tudy  i s  72 months and t h e  s h o r t e s t  i s  seven months. 
Two ins t ruments  were under s tudy  f o r  54 months. 



The 533 months o f  i n s t r u m e n t  h i s t o r y  r e p r e s e n t s  ove r  44 y e a r s  o f  
hydrogen maser data ,  wh ich i s  b e l i e v e d  t o  be t h e  l a r g e s t  and l o n g e s t  
d a t a  base on maser r e l i a b i l i t y  i n  t h e  i n d u s t r y .  

C a t e g o r i e s  o f  F a i l u r e s  

Two m a j o r  c a t e g o r i e s  o f  f a i  l u r e s  became e v i d e n t  as d a t a  was ga the red  
and segregated.  A ma jo r  c o n t r i b u t i o n  t o  f a i l u r e  was t h e  VACION pumps 
t h a t  a r e  used t o  pump t h e  hydrogen gas f r o m  the system. A l l  o t h e r  
f a i l u r e s  were c l a s s i f i e d  as OTHER, and i n c l u d e  Au to tuners ,  Power 
Suppl i e s ,  Heaters  and e x t e r n a l  Magnet i c F i e l d s  . 

The VACION pump f a i l u r e s  c o n s i s t e d  o f  two modes and t o t a l e d  21. The 
f i r s t  t ype ,  a r c i n g ,  i s  caused by  "wh iske rs "  g row ing  on t h e  t i t a n i u m  
elements,  wh ich i n  t u r n  cause tempora ry  h i g h  v o l t a g e  a rcs ,  T h i s  
i n d i c a t i o n  i s  p r e v e l  an t  i n  o l d e r  pumps and contaminated elements; t h a t  
i s ,  e lements t h a t  may c o n t a i n  i m p u r i t i e s  i n  t h e  t i t a n i u m .  

The second t y p e  o f  VACION pump f a i l u r e  i s  t h a t  wh ich i s  a  t o t a l  s h o r t  
o f  t h e  elements.  T h i s  u s u a l l y  happens, aga in ,  i n  t h e  o l d e r  e lements .  

I n  a1 1 cases above, t h e  even tua l  o r  immediate a c t i o n  was t o  r e p l a c e  
t h e  VACION pump elements.  To r e p l a c e  t h e  elements,  t h e  maser must be 
taken  o f f  l i n e  and m a j o r  d isassembly  o f  t h e  i n s t r u m e n t  i s  r e q u i r e d  t o  
g e t  t o  t h e  pump elements.  The maser must t h e n  be t u r n e d  back on, 
a l l o w e d  t o  s t a b i l i z e ,  c a l i b r a t e d  and p u t  back on l i n e .  The Mean Time 
To R e p a i r  (MTTR) f o r  t h i s  t y p e  o f  f a i l u r e  i s  1.8 months. I t  must be 
noted,  however, t h a t  t h e  MTTR has lessoned i n  t h e  p a s t  two y e a r s  and 
i s  now t a k i n g  s l i g h t l y  l e s s  t h a n  1.5 months. The reason  f o r  t h e  MTTR 
b e i n g  l e s s  i s  because more i s  known about  t h e  systems and procedure 
u t i l i z a t i o n .  

The Mean Time Between F a i l u r e s  (MTBF) o f  t h e  2 1  hydrogen masers VACION 
pumps i s  s l i g h t l y  more t h a n  25  months. Therefore ,  one would e x p e c t  t o  
have a  rep lacement  a p p r o x i m a t e l y  e v e r y  two years ,  t a k i n g  about  s i x  
weeks t o  r e p a i r  and r e g a i n  on l i n e  performance. T h i s  r e s u l t  i s  
c o n s i d e r e d  t o  be l e s s  than  adequate, i n  p a r t i c u l a r  t h e  MTBF. A 
p o s s i b l e  s o l u t i o n  t o  t h e  prob lem i s  addressed i n  more d e t a i l  l a t e r  i n  
c o n c l u d i n g  remarks.  

I n  t h e  c a t e g o r y  o f  "Other  F a i l u r e s , "  a  t o t a l  o f  12 were accounted 
f o r ,  Those f a i l u r e s  a r e  of t h e  e l e c t r o n i c  t ype ,  such as Power Supply  
f a i l u r e s ,  Au to tuner  n o t  r e a c t i n g ,  changes i n  Magne t i c  F i e l d  
Compensation and H e a t e r  f a i l i n g .  On o n l y  two occas ions  was t h e  
hydrogen d i s s o c i a t o r  found  t o  be low o r  contaminated.  



The re1 iabil  i t y  factor o f  the electronics parts of the masers i s  very 
sat isfactory.  With a MTBF of 44.5 months, the apparent useful time of 
a maser in service for  four years i s  about  3.7 years, including the 
MTTR of 1.5 months. 

The indications are t h a t  with an MTBF of 44.5 months and a MTTR of 1.5 
months for  the electronic components, the physics portion o f  the 
Hydrogen Maser i s  more susceptible t o  f ai lure,  and possibly could 
prosper from indepth research. 

Re1 i  abi 1 i t y  of Total Instrument Population 

By combining the MTBF numbers for  the VACION pump and a l l  other 
fa i lures ,  a total  of 33 fa i lures  ensues. With the 533 m o n t h  history 
of the 14 Hydrogen Masers, a t o t 1  MTBF of s l ight ly  more than 16 months 
evolves, with the accompanying MTTR of 1 . 7  months. I t  i s  easi ly  
recognized that  the 2 1  fa i lures  of the pumps seriously impaired the 
usefulness of the instruments. Assuming the electronics and pump were 
equally re l iab le ,  one could expect t o  use a maser for  nearly two years 
without f a i lu re ,  with a repair time of just  over 1 .5  months. This in 
i t s e l f  improves the over a l l  r e l i a b i l i t y  by 6 months. 

Conclusion 

The data base implies that the Hydrogen Maser i s  vulnerable from a 
r e l i a b i l i t y  stand point, from VACION pump f a i lu re ,  causing a very low 
MTBF. When the pumps were f i r s t  u t i l ized ,  a 4 year MTBF was 
advertised by the manufacturer. The f i r s t  elements were in fac t  more 
re l iab le  than the current product, which implies a very f a s t  
degradation in the element usefulness in the past 3 t o  4 years. We 
must explore a more re l iab le  pumping process or possibly consider 
lower source pressure or better quality products from the element 
manufacturer 

I t  i s  en t i re ly  possible that  the titanium plates are manufactured with 
a contaminant. A close Quality Control by the manufacturer could 
eliminate early pump fa i lure .  Also, the manufacturer could impose 
very stringent requirements on the supplier of titanium used during 
element manufacture. 

Another possibi l i ty  would be t o  r e f i t  the instruments with chemical 
f i l t e r  pumps, which are passive. A t e s t  instrument should be uti l ized 
and tested for  a1 1 known possible fa i  lure conditions with chemical 
pumps. I t  i s  proported that  if chemical pumps were used, two could be 
placed in the instrument and switched in and out as required without 
disrupting maser performance. The advent of t h i s  configuration could 
strongly enhance the current r e l i a b i l i t y  figures presented in th i s  
paper. 



Maser manufacturers must ser ious ly  consider improving the  overa l l  
performance of Hydrogen Masers. The i n i t i a l  cos t s  as  well a s  
maintenance cos t s  and r e l i a b i l i t y ,  a re  not conducive t o  high 
performance systems in  todays market. A MTBF of 36 months would 
en t i ce  possible users of masers, and reduce maintenance cos t s  as we1 1 
as time l o s t  due t o  f a i l u r e s .  

The h i s to ry  and analys is  of t h e  data presented indica tes  t h a t  a 
concerted e f f o r t  be made by manufacturers t o  improve the  r e l i a b i l i t y  
o f  the  Hydrogen Maser V A C I O N  pump process. A l l  o ther  operat ions o f  
instruments appear  t o  be adequately r e l i a b l e  t o  serve i t s  users  in a 
r e l i a b l e  manner. 



DR. VESSOT: 

I think your observations are quite valid insofar as those pump 
elements are concerned. There is something squirrelly going on, 
either the metallurgy is suffering, or we are doing something we 
don't know about when we replace pump elements. 

It is not likely that we are doing worse than we were before, 
we are being cleaner and more careful. So, I think it points to 
the fact that the titanium, as we receive it in the form of pump 
plates is different now than it was before. 

MR. CURTRIGHT: 

You mean the titanium as it is placed on the elements or the tita- 
nium prior to the placement on the elements? 

DR. VESSOT: 

We1 1, generally speaking, the material would be available in sheet 
form, it is chopped into plates. First, we don't know what alloy 
is being currently used or what grade of titanium -- there i s  a 
great demand for titanium and it seems to be rather difficult 
material to get. 

So, what is happening now, I suspect, is that they are using 
whatever they can. 

Secondly, the chief supplier of the pump elements moved his 
plant and I suspect his processing may have changed. 

MR. CURTRIGHT: 

I wonder if it might be advisable to look into some qua1 ity con- 
trol, or quality assurance to t he  activities they have. I wonder 
if that would help? 

DR. VESSOT: 

That might. 

Dick Sydnor has initiated a s  assaying of the material to see 
what inpurities there might be in the metal itself, which I think 
is a very valid route to take. 



- 

As f o r  t h e  hydrogen, I h o n e s t l y  be1 i e v e  t h a t  t h e  hydrogen 
t h a t  we have now i s  as good as i t  was be fo re .  We pass i t  th rough  
pa l l ad i um diaphrams which a re  t r a d i t i o n a l l y  one o f  t h e  bes t  means 
o f  p u r i f y i n g  hydrogen, So t h a t  much I t h i n k  i s  ou t .  

As f a r  as s o r p t i o n  methods a r e  concerned, I b e l i e v e  t h a t  i s  
t h e  way o f  t h e  f u t u r e .  I n  t h e  d i s t a n t  p a s t ,  and we launched a 
c l o c k  t h a t  would r u n  f o r  - -  Miche le  Tetu was i n  on t h e  t e s t ,  i t  
must have been back i n  1976, b u t  c l o c k s  had run  f o r  a  year  e f f ec -  
t i v e l y  on a  s i n g l e  s o r p t i o n  c a r t r i d g e  made by t h e  SAES company i n  
I t a l y .  

Th i s  techno logy  i s ,  I t h i n k ,  becoming b e t t e r  and we w i l l  be 
hea r i ng  more o f  t h i s  tomorrow and l a t e r  i n  t he  work t h a t  has been 
done here a t  t h e  Naval Research Lab. 

T h i s  techn ique  i s  t h a t  o f  a  sponge- l i ke  m a t e r i a l  t h a t  j u s t  
s e l e c t i v e l y  absorbs hydrogen and you have t o  cope w i t h  t h e  non- 
hydrogen spec ies w i t h  a  d i f f e r e n t  pump. And f o r t u n a t e l y ,  f o r  us, 
we a r e  work ing on j u s t  such a  pump t o  r e t r o f i t  t h e  c l o c k s  t h a t  we 
have now i n  t h e  f i e l d .  

MR. CURTRIGHT: 

I understand. 

One o f  t h e  problems I see i s  t h a t  when we f i r s t  went i n t o  t h e  
vac ion  wo r l d  we were l e d  t o  b e l i e v e  t h a t  t h e y  were o f f  t h e  s h e l f  
i t ems and t h e r e  was no problem i n  g e t t i n g  t he  m a t e r i a l ,  and a l l  
s o r t s  o f  swe l l  t h i n g s .  And I d o n ' t  want t o  ge t  i n t o  t h e  same 
s i t u a t i o n  w i t h  t h e  s o r p t i o n  pumps, where we a re  l e d  t o  b e l i e v e  
t h a t  t h i s  i s  an o f f  t h e  she l f  i t e m  and t h e r e  i s  no problem i n  r e -  
p l a c i n g  them, and a l l  of a  sudden we see them end up i n  t h e  canoe 
t h a t  we a re  i n  today,  w i t h  t h e  vac ion pumps. 

DR. VESSOT: 

Well a  l o t  can be avo ided if you a re  w i l l i n g  t o  i n v e n t o r y  a f a i r  
amount of spare p a r t s .  You c a n ' t  expect these companies t o  do so 
because t he  volume, a s  you have shown u s ,  i s  no t  a very l a r g e  
volume. Nobody i s  go ing  t o  g e t  r i c h  supp ly ing  t i t a n i u m  t o  i o n  
pump makers. 

So, I suspect t h a t  i n  t h i s  r a t h e r  c o m p e t i t i v e  economy r i g h t  
now, your  bes t  b e t  i s  t o  hedge t h e  market and go i n t o  t he  meta ls  -- 
t h i s  i s  a  s t r a t e g i c  meta l ,  I t h i n k  i t  i s  p robab ly  n o t  a  bad i n v e s t -  
ment - -  g e t  i t  i n  t h e  form of pure  p l a t e s  an e i g h t h  o f  an i n c h  t h i c k  
and see what happens. I t  cou ld  be b e t t e r  than some o t h e r  i n v e s t -  
ments t h a t  have been suggested. 
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MR. C U R T R I G H T :  

D e f i n i t e l y .  Thank you. 

MR. PETERS: 

I t h i n k  t h e r e  i s  an obv ious s o l u t i o n  t o  t h e  f i n i t e  l i f e t i m e  o f  
pump elements i n  hydrogen masers. And t h i s  i s  because o f  develop- 
ments i n  s t a t e  s e l e c t i o n  and redes ign  of t h e  o v e r a l l  system. I t  
i s  q u i t e  c l e a r  t h a t  we can opera te  w i t h  t h e  f a c t o r  o f  a t  l e a s t  10 
lower  beam f l u x  and t he re fo re  -- and a l s o  a  pump t h a t  operates a t  
a lower  f l u x  has much l onge r  l i f e t i m e ,  does n o t  have t h e  s p u t t e r i n g  
problem t h a t  a  pump t h a t  operates a t  a  h i g h  f l u x .  

We can and I am g i v i n g  a  paper on i t  l a t e r ,  so I won ' t  c a r r y  
on a t  t h i s  t ime  -- s t a t e  s e l e c t  much more e f f i c i e n t l y ,  use l e s s  
hydrogen and g e t  more power o u t  o f  a maser if we mod i f y  t h e  beam 
trajectory and t h e  o v e r a l l  des ign s l i g h t l y .  

MR. TOM ENGLISH: 

I j u s t  wondered if you had some, a t  l e a s t  rough idea,  o f  what t he  
hydrogen l o a d  on your  pumps was i n  moles pe r  year ,  o r  some o t h e r  
a p p r o p r i a t e  u n i t s ?  And, a lso ,  s p e c i f i c a l l y ,  what pumps d i d  you 
use on your  dev ices?  

MR. CURTRIGHT: 

The pump elements a r e  Perk and Elmer, e ight -e lement  pumps and i t  
i s  a 200 l i t e r  p e r  second pump we a r e  us ing.  How many moles we 
use pe r  year?  I d o n ' t  have t h a t  i n f o rma t i on  w i t h  me. 

DR. RE INHARDT : 

J u s t  a comment on t h e  pump problem. We have seen s i m i l a r  r e s u l t s  
w i t h  t h e  v a r i a n  t r i o d e  pumps, so I d o n ' t  t h i n k  i t  i s  manufacure 
unique. That  p o i n t s  t o  t h e  f a c t  t h a t  i t  i s  t he  t i t a n i u m  t h a t  
everybody i s  g e t t i n g .  




